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Abstract
The present work explores the feasibility of fabricating porous 3D parts in TiAl intermetallic alloy directly from Ti–6Al–4V and Al powders.
This approach uses a binder jetting additive manufacturing process followed by reactive sintering. The results demonstrate that the present
approach is successful for realizing parts in TiAl intermetallic alloy.
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of China Ordnance Society. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Titanium-aluminides (TiAl) have low density (3.9 g/cm3),
good high temperature strength and superior resistance to oxi-
dation (above 750 °C) giving them the potential to be used as
light weight and high-temperature structural materials [1,2]. As
such, these properties make the material quite attractive for
aerospace and automobile applications. Recently, porous TiAl
alloys are also being considered for high temperature liquid and
gas separation filters [3]. TiAl alloys of technical significance
have the general composition of Ti–Al (42–49) -X (0.1–1.0),
where X represents alloying elements such as Cr, Nb, W, V, Ta,
Si, B, and C [2,4]. Currently, large scale processing methods
such as ingot casting, powder processing and ingot forging,
sheet production by hot-rolling, powder metallurgy processing,
investment casting and permanent mold casting are used to
fabricate TiAl. However, these conventional methods pose sig-
nificant challenges in processing of the alloy leading to higher
production costs [1,2]. Given the ordered tetragonal structure
and strong bonding between Ti and Al, the alloy is inherently
brittle, making machining and shaping difficult [1]. To over-
come such problems net-shape fabrication technologies such as
powder metallurgy have been considered [2].
Additive manufacturing (AM) is advantageous for a number
of reasons, including extensive design freedom in terms of
geometry. Recent work have focused on the use of selective
laser melting and electron beam melting AM processes to fab-
ricate TiAl parts [5,6]. However, these processes encounter
problems because they inherently involve melting and solidifi-
cation stages. Also these processes suffer a variety of metallur-
gical problems such as solid state cracking due to thermal
stresses from the inherent brittleness of as-cast TiAl microstruc-
tures [5–7]. In contrast, binder jetting avoids these problems as
it is a low temperature process. In binder jetting powder is
deposited layer by layer and binder is applied in the regions of
interest, creating a green part directly from a CAD model.
Subsequently, the green part from the printer is oven cured and
sintered [7,8].
This study evaluates the feasibility of fabricating titanium
aluminide (TiAl) parts by using Ti–6Al–4V and Al powders via
binder jetting followed by a reactive sintering treatment. This
route to produce TiAl intermetallic alloy parts can be economi-
cal when compared to the use of TiAl powders since TiAl
powder is very expensive.
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2. Materials and methods
In the present study two metal powders were used; atomized
Al (Pyrochem, USA) and Ti–6Al–4V (Raymor-Grade 23)
powders with average particle size near 30 μm and 45 μm
respectively. The powders were mixed in equi-atomic propor-
tion (by Wt %) Al to achieve TiAl after sintering. The ExOne
binder jetting printer was used to build 3D parts of
10 × 10 × 3 mm in size. The parameters used during binder
jetting are as follows: 100 μm layer thickness, 60% binder
drying power, 45 s dry time, jet feed rate 2 mm/min and 60%
binder saturation level. The binder used for the experiment was
“ExOne PM-B-SR1-04”, an ether solvent based binder. The
green parts from the printer were carefully loaded into an oven
to cure the binder at 200 °C for 2 h. The cured parts were then
subjected to reactive sintering at temperatures of 600 °C and
800 °C for 6 h, as well as 1000 °C for 6 h and 24 h in nitrogen
atmosphere. Microstructural characterization of the powders
and sintered parts was carried out using SEM equipped with
EDS. Phase analysis of the steel powder and as-built samples
were characterized using X-Ray Diffraction with Cu–Kα radia-
tion (λ = 1.54 A°). The phases formed were identified by com-
parison of the recorded diffraction peaks with the ICDD
database. Density of the sintered parts was measured using the
Archimedes method according to ASTM B962-08.
3. Results and discussion
The size and morphology of the powders can be observed
from the SEM micrographs presented in Fig. 1. The Al powder
particles (Fig. 1(a)) are irregular in shape, whereas the
Ti–6Al–4V alloy powder particles (Fig. 1(b)) are spherical in
shape in a bimodal distribution.
Fig. 2(a) shows the samples sintered at different tempera-
tures. The samples sintered at 600 °C appear bright (gray),
whereas the samples sintered at higher temperatures appear
black. This change in luster is attributed to the reaction products
formed during sintering. The surface morphology of the sample
Fig. 1. SEM micrographs showing morphology of (a) Al powder and (b)
Ti–6Al–4V powder used.
Fig. 2. (a) Photograph of sintered samples. SEM micrographs showing surface morphology of samples sintered for 6 h at 600 °C (b), 800 °C (c) and 1000 °C (d).
High magnification micrographs are shown in the in-sets.
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sintered at 600 °C is presented in Fig. 2(b). The micrograph
shows predominantly un-reacted Al (irregular) and Ti–6Al–4V
(spherical) particles. On any given Ti–6Al–4V particle, conical
structures can be seen growing on the surface and interconnect-
ing neighboring Ti–6Al–4V particles together. EDS analysis
indicates these interconnecting channels have the composition
of TiAl3. Fig. 2(c) shows the surface morphology of a sample
sintered at 800 °C for 6 h. Clearly, the surfaces of the particles
appear different (grainier) than those sintered at 600 °C. The
in-set in Fig. 2(c) shows a high magnification micrograph
revealing the surface texture. Given the sintering temperature
was above the melting temperature of Al, liquid phase sintering
Fig. 3. An SEM (BSE) micrograph of the polished cross-section of a sample sintered at 1000 °C for 6 h. (a) Low magnification micrograph showing overall
microstructural features. (b) Individual particle cross-section showing different layers of reaction products. (c) High magnification micrograph showing finer features
at the first and second layer interface.
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occurs. The Ti–6Al–4V particles retain the original spherical
morphology and the surface contains reaction product. EDS
analysis on the surface confirms the presence of TiAl3. Initially,
Ti atoms on the surface will dissolve in liquid Al and the Ti
enriched solution will recast onto the sintered particles, result-
ing in TiAl3. The appearance of small globular features (due to
surface tension) on the sintered particle surfaces indicate
recasting has occurred.
At the melting temperature of Al, the diffusion of Al in Ti is
75 × 10−3 mm/s while the diffusion of Ti in the Al is
66 × 10−3 mm/s [3]. Given the higher diffusion of Al atoms into
Ti particles the result is the enrichment of Al, which aids in
forming TiAl3 on/below the surface of the sintered particle
[2,3,6,9,10]. As time progresses all the liquid Al will be con-
sumed and an Al rich intermetallic layer grows and thickens on
the sintered particle. Subsequently, Al diffuses inwards and
Ti–Al intermetallics evolve in different layers. The samples
sintered at 1000 °C for 6 h and 24 h also showed similar grainy/
globular morphology and the presence of TiAl3 on the particle
surfaces. Since the samples sintered at 600 °C and 800 °C were
fragile, further microstructural characterization was carried out
only on samples sintered at 1000 °C.
Fig. 3 shows the cross-section SEM back scattered electron
(BSE) micrograph of the sample sintered at 1000 °C for 6 h.
Fig. 3(a) shows a low magnification micrograph indicating
particles being fused together by a mixture of TiAl3+TiAl
(Fig. 3(c)). Multiple layers, five in total, within the Ti–6Al–4V
particle can be clearly observed from Fig. 3(b). The micrograph
shows the variation in contrast caused by the composition
changes from layer to layer. At least ten EDS spot analyses were
performed on each of these layers. The outer periphery consists
of a higher percentage of Al with a dark gray background
against a white network (Fig. 3(c)), which corresponds to the
mixture of TiAl3 (73%–75%Al, 25%–27% Ti by Wt%) and TiAl
respectively. The second layer appears as a lighter gray ring,
which has the composition of TiAl+Ti3Al (34%–38%Al,
62%–65%Ti by Wt%). The third layer corresponds to the com-
position of TiAl3, which is the predominant phase. The fourth
layer corresponds to TiAl (48%–50%Al, 48%–52%Ti by Wt%).
The inner core has an irregular shape and was identified as
Ti3Al.
Earlier studies on reaction synthesis of TiAl [9–11] from
elemental Ti and Al powders were based on the Ti–Al phase
diagram, and the sequence of formation of the intermetallics is
as follows
Ti Al TiAl TiAl TiAl Ti Al+ → → → →3 2 3
Lee et al. synthesized TiAl from elemental powders and also
observed multiple layers of intermediate phases in the reacting
constituents [10]. However, in the present study, the presence of
TiAl3 in the third layer was unexpected according to the Ti–Al
phase diagram. This can be explained by the variation in
Fig. 4. SEM (BSE) micrograph of the as-polished cross-section of a sample sintered at 1000 °C for 24 h. (a) Region showing the inter-particle bonding region. (b)
An individual particle cross-section showing multiple layers.
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inter-diffusion rates of Ti in Al through the second layer
(TiAl+Ti3Al), and also the sintering time was not sufficient for
homogenization of the composition throughout the particle.
Mishin and Hertzig reported the inter-diffusion of these ele-
ments in TiAl, and concluded that Al diffuses faster than Ti
through TiAl [10]. Therefore, enrichment of Al % in the close
proximity of TiAl, and simultaneous diffusion of Ti toward the
outer surface, results in the formation of TiAl3. Hence, to
homogenize the composition and to form TiAl throughout, the
samples were sintered for 24 h at 1000 °C. SEM-BSE micro-
graphs of the cross-section of a sample sintered for 24 h are
presented in Fig. 4.
Fig. 4(a) shows a typical inter-particle neck region. It can be
clearly seen that the bonding region was the result of the overlap
of the TiAl+Ti3Al layers of the individual particles. The original
outer periphery, seen in Fig. 3(a), composed of TiAl3, was
consumed resulting in the formation of TiAl+Ti3Al. Fig. 4(b)
shows three layers in the particle cross-section micrograph. The
outer layer still consists of a very thin layer of TiAl3+TiAl,
however, the thickness of the outer layer was lower when com-
pared to the 6 h sintered sample (Fig. 3(c)). The second layer in
Fig. 4(b) has a composition of 34%–40%Al and 60%–66%Ti
making up TiAl+Ti3Al. The inner core region corresponds to
the composition of intermetallic TiAl (42%–44% Al, 56%–54%
Ti). Fig. 4(c) shows a high magnification micrograph of the
cross-section of a sintered particle revealing bright isolated,
irregular shaped regions. These regions were observed to be
enriched with vanadium as indicated by EDS analysis. During
reactive sintering and thermal treatment, vanadium present as
solid solution in the alloy Ti–6Al–4V was observed to segregate
to certain random areas within the sintered particles. This is a
consequence of lower solubility of vanadium in the intermetal-
lic phases relative to the high solubility in beta titanium at the
sintering temperature. XRD analysis on these samples also
reveals the presence of V–Al intermetallic (Fig. 5).
Phase analysis was performed on the as-mixed powders and
the sintered sample using X-ray diffraction. An XRD pattern of
the powder mixture of Ti–6Al–4V and Al is presented in
Fig. 5(a). It can be observed that only elemental Ti and Al peaks
were present in the XRD pattern. Fig. 5(b) shows the XRD
pattern of the sample sintered at 1000 °C for 24 h. XRD shows
the presence of various intermetallic phases formed during
reactive sintering. The final microstructure consists of TiAl
along with other intermetallic phases such as Al2Ti, Al3Ti, All1V,
Al8V5, and Ti3Al. The vanadium rich regions correspond to
Al11V and/or Al8V5 phase in the microstructure shown in
Fig. 4(c). The XRD results agree with the SEM analysis of the
sintered samples. The density of the part sintered at 1000 °C for
6 h and 24 h was 3.34 g/cm3 and 3.45 g/cm3 respectively.
Further detailed investigation into the phase evolution, reaction
kinetics, and evaluation of mechanical properties is necessary
to establish and scale up the process for mass production.
4. Conclusions
This study focused on the fabrication of porous, additive
manufactured parts in the TiAl intermetallic alloy. The work
reports initial results and evaluates the feasibility of the new
approach through the use of a binder jetting process followed by
reactive sintering. During high temperature liquid phase sinter-
ing Al initially reacts with Ti–6Al–4V particle surfaces and
forms Al3Ti. As the sintering time progresses Al diffuses into
the Ti–6Al–4V particle and forms TiAl. Microstructural inves-
tigation and phase analysis revealed the evolution of a TiAl
intermetallic phase along with various other intermediate
phases. The present investigation demonstrates that the pro-
posed new approach is capable of producing TiAl intermetallic
alloy parts directly from separate Ti–6Al–4V and Al powders
using a versatile additive manufacturing method.
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